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[57] ABSTRACT

Thermal, optical, physical and chemical characteristics of a
substrate (11) surface are determined with non-contact opti-
cal techniques that include illuminating (23) the surface with
radiation having a ripple intensity characteristic (51), and
then measuring the combined intensities (53) of that radia-
tion after modification by the substrate surface and radiation
emitted from the surface. Precise determinations of emis-
sivity, reflectivity, temperature, changing surface composi-
tion, the existence of any layer formed on the surface and its
thickness are all possible from this measurement. They may
be made in situ and substantially in real time, thus allowing
the measurement to control (39, 41) various processes of
treating a substrate surface. This has significant applicability
to semiconductor wafer processing and metal processing.

56 Claims, 8 Drawing Sheets
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NON-CONTACT OPTICAL TECHNIQUES
FOR MEASURING SURFACE CONDITIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s a division of application Ser. No. 07/999,278, filed
Dec. 28, 1992, now U.S. Pat. No. 5,310,260, which in turn
1$ a continuation-in-part of the following applications:

1) U.S. Ser. No. 07/943,927, filed Sep. 11, 1992, now U.S.
Pat. No. 5,318,362, which in turn is a continuation of
application Ser. No. 07/507,605, filed Apr. 10, 1990,
now U.S. Pat. No. 5,154,512: and

2) International application No. PCT/US92/03456, filed
Apr. 27, 1992, which designates the United States for
a national patent, which in turn is a continuation-in-part
of apphication Ser. No. 07/692,578, filed Apr. 29, 1991,
now U.S. Pat. No. 5,166,080.
The disclosure of each of the foregoing applications and
patents is incorporated herein by this reference.

BACKGROUND OF THE INVENTION

This invention is related to techniques of optical mea-
surement of various conditions of solid object surfaces, such

as various thermal and physical conditions of a substrate
surface.

There are many examples of industrial processes where
material in various forms is necessarily heated by various
techniques. One example is in heating materials for the
purpose of testing them. Another is in the heat treatment of
an object. A further example of is found in the semiconduc-
tor processing industry. In this latter example, silicon wafers
to be processed are positioned within an enclosed chamber
where they are heated by some appropriate technique, usu-
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ally radio frequency or optical radiation. In one form, such

a Semiconductor processing chamber is made, at least
partially, of an optically transparent material. Lamps outside
the chamber direct a large amount of energy through its
transparent walls and onto the wafer. The wafer is heated as
a result of 1ts absorption of the thermal radiation. Generally,
the chamber is formed of a quartz envelope, or of stainless
steel with an optical window. The heated wafer is treated by

introducing appropriate gases into the chamber which react
with the heated surface of the wafer.

These processes require that the temperature of the wafer
be maintained within narrow limits in order to obtain good
processing results. Therefore, some technique of monitoring
the temperature of the wafer is required. One possibility is
to contact the water with a conventional thermocouple, but
this i1s precluded by poor measurement and contamination
considerations when semiconductor wafers are the objects
being heated. For other types of objects, such contact
measurement techniques most often are precluded because
of a number of practical considerations. Use of a thermo-
couple also often results in substantial errors because of a
differing thermal mass, poor thermal contact and a difference

in emittance between the thermocouple and the object being
heated.

As a result, most optical heating applications use some
form of a long wavelength pyrometer. This technique mea-
sures the intensity of the radiation of the semiconductor
wafer or other optically heated object within a narrow
wavelength band. That radiation intensity is then correlated
with temperature of the object. In order to avoid errors by the
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pyrometer receiving heating optical radiation reflected from
the object being heated, the wavelength chosen for moni-
toring by the pyrometer is outside of the emission spectrum
of heating lamps. This detected wavelength range is gener-
ally made to be significantly longer than the spectrum of the
lamps.

There are several disadvantages to such existing pyro-
metric systems. First, a measurement made at a longer
wavelength will have only a portion of the sensitivity of one
made at a shorter wavelength. Second, the emissivity of
silicon and other materials that are optically heated is
dependent upon the temperature and wavelength at which it
is measured. Third, economical photodetectors with the
highest signal-to-noise ratio are those which respond to the
shorter wavelength emissions. Fourth, existing optical
pyrometers have a small numerical aperture and thus pro-
vide temperature measurements which are also dependent
upon the degree of roughness of the object and film growth
being measured. Fifth, existing economical pyrometric tech-
niques are slow, a significant disadvantage in a rapid heating
system. Sixth, measurements made through a quartz window

by a typical pyrometer are subject to error as a result of a

significant amount of energy that is emitted by quartz in
Jonger wavelengths to which pyrometers are sensitive.

Therefore, it is a principal object of the present invention
to provide an improved pyrometric technique of temperature
and/or emissivity measurements that overcomes these short-
COIMIngs.

It is also an object of the present invention to provide
non-contact techmques for monitoring and/or measuring

various optical conditions of surfaces as well as thermal
conditions.

There are also numerous processes involving layers of
material, typically thin films, where a physical parameter,
such as thickness, of the film must be measured. Usually, it
18 desired that a new film formed on a substrate have a
desired thickness within close tolerances. Other applications
involve removal of material from a layer in order to form a
thin film having a precise thickness. A major application of
thin film technology is also found in the manufacturing of
integrated circuits, both in silicon semiconductor and gal-
lium arsenide based technology. A typical process of form-
ing integrated circuits in the type of heated chamber dis-
cussed above involves the formation of many films and the
removal of films. It is necessary in such thin film processes
to know at least when the endpoint of the film formation or
removal step has been completed. It is also desirable to be
able to monitor and control the process in real time by a
technique that does not itself interfere with the process.

Therefore, it is also a principal object of the present
invention to provide surface monitoring process having a
general utility in numerous processes where thin films are
utilized, such as in the manufacture of integrated circuits and
in the processing of metals.

It 1s another object of the present invention to provide a
technique for measuring the thickness of very thin films with
a high degree of accuracy and high resolution.

There are also many occasions where the structure or
chemical composition of a surface changes, either by acci-
dent or design, such as by its corrosion, oxidation, surface
passivation, formation of rust, and the like. Generally, a
layer 1s formed on a surface that is of a different material
than that of the original surface but changes can also occur
by molecules of the different material diffusing into the
surface. An example of an industrial processes where this
occurs 18 in aluminum processing where slag forms on the
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molten aluminum surface, or where oil is sprayed onto a
surtace of the aluminum being rolled. In both of these
examples, the surface emissivity is unknown and changing.

Accordingly, it 1s a further object of the present invention
to provide a technique for monitoring and measuring surface
charactenistics under conditions of such changes occurring.

More specifically, it 1s an object of the present invention
to provide a method of correctly measuring a property, such
as temperature, by pyrometric means despite changes in
surface emissivity which unavoidably results from such
surface changes.

SUMMARY OF THE INVENTION

These and other objects are accomplished by the present
invention, wherein, briefly and generally, electromagnetic

radiation containing an intensity ripple is directed against an
object surface of interest, the intensity of which is measured
both before and after the radiation has interacted with the
surface by reflection or transmission. These intensity mea-
surements are then electronically processed in order to
obtain an indication or measurement of a condition of the

10
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20

surface. The intensity of electromagnetic radiation emis- -

stons from the surface are also measured. The measurements
are accomplished optically, without having to physically
contact the surface. The measurement techniques of the
present invention may be used with a wide variety of
materials and processes.

Many specific characteristics of a surface, or of a layer
being formed on a surface, may be monitored or measured
by the techniques of the present invention. These character-
1stics are categorized into four groups for the purpose of this
‘discussion: (1) thermal, such as temperature or emissivity;
(2) optical, such as reflectivity; (3) physical, such as layer
thickness; and (4) chemical, such as the composition of a
layer or surface.

An advantage of the optical/electronic measurement tech-
nique of the present invention is that measurement of one or
more such surface conditions may be performed in situ as
the object surface is naturally changing or is being processed
to bring about a desired controlled change. Further, the
present invention allows these measurements to be made
substantially instantaneously, in real time with the changing
surface being monitored. It is thus highly desirable to use
these measurements to automatically control the process of
changing the surface. This is of particular advantage in
integrated circuit processing techniques for monitoring and
controlling the formation or removal of thin films where
both surface temperature and film thickness are continuously
measured and the results used to control the process. It is
also of advantage in metal processing, such as during heat
treating of a metal, where the emissivity of the surface is
changing during the process.

Additional objects, advantages and features of the many
aspects of the present invention will become apparent from
the following description of its preferred embodiments,
which description should be taken in conjunction with the
accompanying drawings. |

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically illustrates a particular type of semi-
conductor processing furnace that is equipped with a wafer

measuring and control system according to the present
invention;
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FIG. 2 provides curves that illustrate the emissivity char-
acteristics of one type of substrate upon which a film is

controllably formed by the apparatus illustrated in FIG. 1;

FIG. 3 is a circuit block diagram of the measuring
instrument of the apparatus of FIG. 1;

FIG. 4 provides curves to illustrate one specific operation
of the apparatus of FIG. 3;

FIG. 5 provides curves to illustrate another specific opera-
tion of the apparatus of FIG. 3;

FIG. 6 is a flow chart showing the operation of the
micro-computer of the measuring instrument of FIG. 4;

FIG. 7 shows a modified version of the semiconductor
processing furnace and measuring system of FIG. 1;

FIG. 8 shows another modification of the FIG. 1 system;

FIG. 9 illustrates desired characteristics of the light pipes
used in any of the systems of FIGS. 1, 7 or 8;

FIGS. 10A, 10B and 10C illustrate three variations in the

shape of an end of the light pipes used in any of the systems
of FIGS. 1, 7 or 8;

FIGS. 11A, 11B and 11C show alternate light pipe struc-
tures for use in any of the systems of FIGS. 1, 7 or 8;

FIG. 12 illustrates another light gathering system that
employs multiple light pipes; and

FIGS. 13 and 14 show two additional applications of the
measuring techniques of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Although the improvements of the present invention have
application to many varied processes involving the moni-

- toring of surface conditions, a first example to be described

involves the measurement of the thermal characteristics and
thickness of a film being formed or removed as a step in
manufacturing integrated circuits on a semiconductor wafer.
Although the initial examples deal with silicon semiconduc-
tor processes, they are equally applicable to germanium,
gallium arsenide and any other process. The resulting films
are extremely thin, on the order of tenths of a micron or less,
and must have their thicknesses controlled within very
narrow limits. The techniques of the present invention are
also utilized to measure thermal characteristics of a semi-
conductor wafer surface during process steps that do not
involve forming or removing a film. Further, after the
semiconductor processing examples are described,
examples of other applications of the techniques, such as in
the monitoring and control of metal processing, are given.

Referring to FIG. 1, a silicon semiconductor substrate 11
is positioned within a substantially optically transparent
quartz furnace tube 13. The tube 13 and an end plate 14 form
an enclosed chamber 15. The substrate 11 is supported by a
quartz support 12 attached to the end piece 14, this support
allowing most of the bottom surface of the substrate 11 to be
exposed. Of course, there are numerous specific silicon
wafer support arrangements and heated process chambers
that are used in the industry, the support and process
chamber of FIG. 1 being generally shown only for the
purpose of explaining the film measurement techniques of
the present invention.

~ The type of semiconductor furnace illustrated in FIG. 1 is
that which utilizes lamps external to the chamber 15 for
heating the wafer 11. Two such banks of lamps 17 and 19 are
1llustrated, one on either side of the wafer 11. Each has a
plurality of quartz lamps, such as the lamps 23 of the light
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bank 17, and an appropriate reflector, such as a reflector 21.
This 1s, however, but one example of many existing specific
configurations of semiconductor furnace heating lamp con-
figurations. The lamps are driven by an alternating current
power supply 41. Gasses are introduced into the chamber 15
through an inlet 37 from an appropriate source of gas 39.
What has been described so far with respect to FIG. 1 is a
general outline of a semiconductor reaction chamber which
produces strong background radiation in the range of interest
for measurement purposes in which the techniques of the
present invention may nonetheless be utilized.

One type of film formed in a semiconductor process is a
dielectric film. A typical dielectric is a thin silicon dioxide

10

layer that is grown on either the silicon substrate 11 itself or |

some other layer of silicon based material, such as polysili-
con. It 1s often extremely important to provide such a silicon
dioxide film with the designed thickness within very small
tolerances. A particular area of concern is during the for-
mation of gate dielectrics, tunnel dielectrics, and others
which are extremely thin.

Accordingly, the techniques of the present invention
monitor the emissivity of the substrate surface as the film is
formed on it. Since the film, having a different composition,
has a different emissivity from that of the underlying sub-
strate, the emissivity measured as a thin film is being formed
is a combination of the two when the wavelengths being
monitored are in the near infrared portion of the electro-
magnetic radiation spectrum. The changing composite emis-
sivity 1s related to the thickness of the film being formed. A
light pipe 25 is positioned within the chamber 15 in order to
capture radiation emitted from the bottom surface of the
substrate 11 on which the film is being formed. This light
pipe 1s made of some material that can withstand the high
temperatures occurring within and adjacent the furnace
chamber 13, sapphire being one such material. Because of
its refractive index, a sapphire light pipe also has a large
numerical aperture (angle of acceptance). Cubic zirconia
~ also has these desirable characteristics. Quartz can alterna-
tively be used as a light pipe material. The light pipe 25 is
extended a distance away from the chamber 15 to where the
temperatures are cooler, and is there coupled by a connector
27 to a more common fused quartz optical fiber 29. That
optical fiber is terminated in a measuring instrument 31.

Not only is the desired optical radiation emission of the
substrate and forming film being communicated through the
light pipe 25 to the measuring instrument 31, the light pipe
25 is also receiving optical radiation within the same infra-
red or near infrared radiation band from the bank of lights
19. Therefore, a second light pipe 43 is positioned within the
chamber 15 and directed to capture intensity of the heating
lamps 19 alone, without any direct optical signal from the
substrate or film itself. This light signal is coupled by a
connector 45 io an optical fiber 47 and thence provided the
measuring instrument 31.

The signals 1n the optical fibers 29 and 47 are detected by
the same type of photodetectors within the measuring instru-
ment 31, and within the same wavelength range. The signal

from the light pipe 43 is mathematically manipulated with

that from the light pipe 25, thus obtaining a signal related to
the optical emission of the substrate and film. That signal is
then processed in a manner described below to determine the
emissivity of the substrate and film. The thickness of the film
is then calculated in real time from the emissivity results.
‘These thickness determinations are then preferably used to
control the film forming process, such as by adjusting the
power of the lamp driving electrical source 41 through a
control circuit 49 and controlling the flow or composition of
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gasses from the gas supply 39 into the chamber 15 by a
signal 1n a control circuit 48. When the endpoint of a film

forming process is detected by calculation of the film
thickness reaching its desired magnitude, the power source
41 and/or gas supply 39 will be ramped to the end of the
process. In the course of the process before reaching end-
point, the thickness measurement is also used to keep the
rate at which the film is formed within specified limits by
controlling the lamp power and gas supply.

As described below, the emissivity and/or temperature
measurements provided by the techniques of the present
invention are useful to monitor and or control a wide variety
of processes other than the film forming process example
being described. The general ability to monitor and/or
control temperature of an object being subjected to a wide
variety of processes is highly useful. By being able to
accurately measure the emissivity of an object surface in real
time, various underlying mechanical and chemical changes
that are responsible for the variations in the emissivity can
be monitored and/or controlled. And, of course, the reflec-
tivity of the surface can also be monitored by the present
technique, 1f desired, and used to control the process. All of
these can be measured either in the environment of an
optically heated furnace or in other situations where the
surface 1s specially illuminated just for the purpose of
making a desired measurement.

Example emissivity characteristics of pure silicon are
given in the curves of FIG. 2. A silicon dioxide film being
formed on a pure silicon wafer has a different emissivity vs.
wavelength characteristic. Since emissivity is also depen-
dent upon the temperature of the substrate and film, a
wavelength range of the light pipe 25 optical signal that is
detected is preferably that which is the least temperature
dependent. Accordingly, a range 50 is illustrated in FIG. 2,
extending from about 0.8 to about 1.1 microns, selected to
be slightly below the absorption band edge of about 1.2
microns of silicon. As can be seen from FIG. 2, the emis-
sivity of silicon becomes very temperature dependent when
observed at wavelengths above that band edge. The detected
wavelengths can be limited to the range 50 by positioning an
appropniate filter (FIG. 3) in the path of each of the optical
signals before reaching its photodetector. Alternatively, a
filter can be used that allows all wavelengths below the band
gap to be detected, thereby allowing the most light to reach
the photodetector but while still excluding those wave-
lengths above 1.2 microns. Other semiconductor materials
have different band gaps, so the wavelength band selected
for these measurements will be different, generally slightly
below their different band gaps. In the metal processing
examples described below, a wavelength range can be

chosen which 1s slightly longer to allow measurements of
lower temperatures.

Since temperature cannot totally be eliminated as a vari-
able by wavelength selection, particularly in a general
technique used with different combinations of materials, it is
usually desired to also measure temperature of a substrate
and film from the optical radiation signal therefrom that is
captured by the light pipe 25. Both the emissivity and
temperature information is then utilized to calculate film
thickness. The temperature measurement is also valuable
independently of the film thickness measurement, and can
be used to control the temperature of the wafer or other
sample within the processing chamber or area by controlling

the energy supplied to the heating lamps 23 by the power
supply 41.

The main functional components of the measuring instru-
ment 31 are illustrated in FIG. 3. A more detailed measuring
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system for a related application 1s described 1n U.S. Pat. No.
4,750,139—Dils (1988). Photodetectors 61 and 63 receive

the optical signals from the respective optical fibers 29 and

47. These signals are first passed through optical filters 65

and 67, respectively. These filters preferably pass the same
narrow bandwidth 50 (FIG. 2) of optical radiation around

0.95 microns, or all wavelengths below about 1.2 microns,

as discussed above, for the specific application being

described. The photodetectors 61 and 63 are then preferably

a commercially available silicon or indium-gallium-arsenide
(InGaAs) type.

The electrical signal outputs of the photodetectors 61 and

63 are amplified by respective linear amplifiers 69 and 71.
In order to time share a common analog-to-digital converter
73, a multiplexer circuit 75 is provided to alternately connect
the outputs of the amplifiers 69 and 71 to another linear
amplifier 77, whose output 1s then provided as an input to the
analog-to-digital converter 73. The digitized signals are
received by a microcomputer 79 and processed. The micro-
computer 79 can include a very fast digital signal processing

(DSP) integrated circuit chip. Part of the controlling func-

tion of the microcompuier 79 is to switch the multiplexer 73
by an appropriate control signal in the line 81.

The resulting thickness calculated by the microcomputer
79 from its input signals can either then be displayed on a
display device 83 and/or utilized by control circuitry 85 to
generate process control signals in the circuits 48 and 49
previously mentioned.

As an alternative to the single photodetector shown in
FIG. 3 for each optical channel, a pair of such detectors can
be used for each channel. Each of the light pipes 29 and 47
can be coupled into a pair of smaller diameter optical fibers
(not shown) that extend to separate photodetectors. One
detector of each pair is coupled to a high bandwidth ampli-
fler circuit in order to handle the a.c. ripple without distor-
tion, and the other to a low bandwidth amplifier circuit to
carry the average or mean value of the same signal. The
multiplexer 75 then has four amplifier outputs as its inputs
from which to choose. Part of the signal processing, namely
the determination of an average or mean signal, is then
carried out by the analog circuitry.

Before describing the calculations performed by the
micro-computer 79 with respect to a flow chart of FIG. 6, its
processing of the detected optical signals is first illustrated
by curves of FIG. 4. A curve 51 shows the signal level output
of the detector 63, corresponding to the optical signal of the
lamps alone through the light pipe 43. Similarly, a curve 53
illustrates the output of the detector 61 receiving the com-
bined object emission and heating light source refiection
received by the light pipe 23. These curves represent the
specific example being described since it is not necessary
that the light source being used to make the measurements
also be used to heat the object. Further, reflectivity and
emissivity measurements can be made without detecting the
infrared emissions of the object itself.

Each of the signals S1 and 53 contains a ripple (a.c.)
component having a frequency of the power source 41 to the
heating lamps, generally 60 Hz. in the United States and 50
Hz. in Europe, but no particular frequency is required for
making the thickness and/or thermal measurements. A peak-
to-peak value of the a.c. component of the signal 51 is
indicated by Al,, and that of the a.c. component of the signal
33 i1s denoted by Aly,. The signal levels I, and I;, represent
mean values of the signals S1 and 53, respectively. The
peak-to-peak values of these signals, representing a depth of
modulation of the signals, are a small proportion of their
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mean values. The curves of FIG. 4 also show a steady state
signal 55 that is proportional to the emission of the heated
object 11 (E,,) with the effects of lamp radiation reflected
from the object having been removed, all being accom-

plished by the micro-computer processing.

Because the light pipes 25 and 43 are selected to have a
very large numerical aperture, the following relationship 1s
true. |

Al'y
Alj,

Since we also know from Kirchhoff’s law that emissivity of
an opaque object equals one minus its reflectivity, we can
state that:

(1)

Wafer Reflectivity = p, =

Al
Al

Equation (2) provides a measurement of the emissivity of
the object. If its temperature is to be measured, the reflected
component of I, can then be subtracted away, leaving the
object emission signal alone, as follows:

Aly
Aly )
Thus, the quantity E,; is solely the thermal emission from
the object and thus can be converted into temperature of the
substrate 11, and the film being formed on it, by Planck’s
radiation law, in the same manner as with a standard
pyrometer. Ey, is determined from processing of the d.c.
level and a.c. level of the signals 51 and 33.

Further details are provided by the applicants hereof in a
paper, Schietinger et al, “Ripple Technique: A Novel Non-
Contact Wafer Emissivity and Temperature Method for
RTP”, Rapid Thermal and Integrated Processing, Vol. 224,
pp. 23-31, Material Research Society (1991).

A modified signal measuring technique is illustrated in
FIG. 5. Rather than measuring the peak-to-peak values of
the lamp signal 51 and the reflected wafer signal 53, as
shown in FIG. 4, the microcomputer 79 of the system of
FIG. 3 may be programmed to integrate areas 52 and 54
under respective signal curves 51' and 53' with respect to
their mean signal values I, and I, respectively. That 1s, the
mean values I, and I, are first calculated from the digital
samples taken of each signal by the system of FIG. 3. An
absolute difference in magnitude of each digital sample with
1ts mean signal value is then calculated, and these unsigned
differences are accumulated over at least one-half of a signal
sample signal cycle but preferably a large number of cycles
in order to reduce the effects of any noise that may be present
in the signal. These accumulated differences, or areas under
the respective curves 531" and 53’ then become the Al, and
Al quantities used in the subsequent calculations of equa-
tions (1), (2) and (3) above. Since the Al; and Al,,, quantities
are always ratioed in these equations, it does not matter how
many cycles of the respective signals 351' and 33" are
integrated to obtain their values so long as data from the

same number of cycles is used to calculate each of Al, and
Al

(2)

Emissivity =1 —

()

szfw—IL(

W
As part of this integration technique, it has been found
useful to filter the signal outputs of the photodetectors 61
and 63. A narrow bandpass filter around 120 Hz. is used,
either 1n the form of a physical filter in the photodetector
analog output signal paths, or as part of the digital process-
ing. The d.c. and near d.c. signal components are then
eliminated, making it easier to perform an integration
around the mean value of the signals. This also allows the
measurement to continue when the power level of the
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heating lamps is being increased or decreased. The filtering
also eliminates unwanted noise outside of the filter band-
pass.

Although the detected signals are illustrated in FIG. § as
sine waves, for simplicity of explanation, they are usually
more in the shape of the signals illustrated in FIG. 4. These
signals represent the intensity variations of the illuminating
lamps which do not generally follow the sine waves of their
driving electrical power waveforms. Although accurate
results are obtained with the integration technique on such
waveforms, an alternate technique is to use an available
digital signal processing {(DSP) algorithm within the micro-
computer 79 instead of using the above mentioned hardware
filtering. A suitable algorithm is a finite impulse response
filter (FIR). Its use also eliminates a complicating effect that
can exist when the heating lamps are driven by three-phase
electrical power. In such a case, depending upon the location
of the light pipes with respect to the lamps being powered at
each of the three phases, the detected signal can include
lesser magnitude components shifted in phase with respect
to that of the lamps in the immediate vicinity of the light
pipes. Whether these other phase signals are of sufficient
magnitude to cause a problem or not depends upon a number
of factors 1in addition to the light pipe position, such as the

reflective characteristics within the furnace chamber. But if

sufficient to cause inaccuracies with the integration tech-
nique, use of the DSP algorithm minimizes any adverse
effects.

There can be applications where the depth of modulation

(proportion of the “ripple” component of the light signals) of

the lamp radiation is desirably made to be larger than results
from 60 Hz. power being applied to the heating lamps. This
can be accomplished, for example, by driving the lamps with
a lower frequency a.c. Too low a frequency, however, can
have the effect of causing the temperature of the wafer to
vary somewhat. As an alternative to a.c. power, a periodi-
cally varied or pulsed d.c. can be applied to the lamps at an
appropriate frequency. If the depth of modulation (ripple
component) of the lamp emission can be controlled in order
to be a known value, the light pipe and photodetector that are
provided for detecting the lamp radiation could be omitted
or simplified. |

Referring to FIG. 6, the process of the microcomputer 79
in calculating film thickness is illustrated in the form of a
flow chart. Initial steps 91 and 93 determine, respectively,
the a.c. component of the detected and digitized signals 53
and 51 of FIG. 4. These a.c. components Al; and Al are
determined by one of the three techniques discussed above.
A next step 95 1s to calculate the emissivity in accordance
with Equation (2) above. A next step 97 calculates the steady
state quantity 335 of FIG. 4 in accordance with Equation (3)
above. That steady state quantity E, is then converted to
temperature of the substrate and film by a reference table or
formula empirically determined for the specific substrate
and film material compositions being monitored.

At this point, both the emissivity and the temperature of

the substrate 11 and film on it have been determined. Since
the capabilities of microcomputers allow such calculations
to occur at a rapid rate, it is preferable to make the calcu-
lations from a large sample of data in quick succession, still
within a small fraction of a second, and then average those
results before proceeding to calculate the film thickness
from them. Thus, a step 101 of the FIG. 6 flow chart keeps
track of how many times the emissivity and temperature
have been measured and calculated, and will continue to
make such calculations until N of them have been made in
succession. A step 103 averages the last N calculations.
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These averages are then utilized in a step 105 to convert the
calculated and averaged emissivity and temperature values
into film thickness. This conversion takes place by use of
either a table or a formula which has been empirically
determined for the particular substrate and film composi-
tions being utilized in the process being monitored. That

- thickness value is then sent to an appropriate output device

by a step 107, such as the display 83 or control circuits 85
of FIG. 3.

So long as the monitoring continues, a step 109 then
causes the calculation process to go back to the beginning
and again calculate the emissivity and temperature a number
N times in succession, calculate film thickness therefrom,
and so on. The calculation of thickness by the process of
FIG. 6 can casily be made within a fraction of a second
utilizing an ordinary type of microcomputer 79, thereby

allowing the process illustrated in FIG. 1 to be controlled in
real time.

In measurement applications other than film thickness
monitoring, the processing step 105 is replaced with a
conversion of surface emissivity, usually also with use of a
surface temperature determination, into some other desired
surface characteristic that varies in some manner related to
emissivity. Such other applications include monitoring of
various mechanical and chemical characteristics, several
examples of which are given herein,

Certain adjustments and corrections in the foregoing
calculations have been found to be desirable to improve the
accuracy and repeatability of the measurements of the
present invention under certain circumstances. The forego-
ing equations (1), (2) and (3) represent rather ideal circum-
stances, and more complex versions provide additional
precision, when desired, and compensate for differences
among semiconductor furnaces or other systems.

It 1s believed that the results obtained are affected by a
number of factors, when present, such as non-uniform light
intensity across the source, light entry from the sides of
uncovered light pipes, light losses through the light pipe
sides, and complex refiections within a chamber in which the
substrate 18 positioned. As a result, some terms are added to
the foregoing equations which are set in each case by
calibration. Thus, equation (1) above becomes:

4)

where k; and k, are coefficients that compensate for reflec-
tion and scattering of light within the chamber 15 (FIG. 1).
The constant k, represents an amount of light reflected from
the wafer that enters the end or sides of the light pipe 43
pointed toward the lamps, and thus represents an amount of
the detected lamp signal I, which must be subtracted away
in order to obtain a signal representative of only the light
from the lamps. Similarly, the constant k, represents an
amount of light from the lamps 23 that enters the end or sides
of the light pipe 25 without having been reflected from the

wafer 11. As a result, equation (2) above for determining
emissivity then becomes:

Emissivity=1p ,; 5)

Most of the correction, when employed, occurs in the
calculation of the surface radiation emission, necessary
when measurement of surface temperature is desired. Equa-
tion (3) above is modified to include three additional coef-
ficients, as follows: |
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Iw—1I1ka — Padi(IL — k1lw)
A + Bpag; + Cply

(6)

Eadj —

where the coefficients A, B and C are vectors which repre-
sent shape and optical factors and can be temperature
dependent. The polynomial of the denominator of equation
(6) can be expanded to include higher order terms when the
reflectivity of the chamber is low.

These five constants and coefficients are determined for a

particular furnace, or other type of system, by calibrating the
measuring system. Calibration for use in a semiconductor
processing furnace chamber of the type shown in FIG. 1 is
described as an example. Either of two calibration proce-
dures may be employed.

A first of the two calibration procedures will now be
explained. A first step of this procedure is to calibrate its
light pipes and photodetectors in an environment outside of
the furnace chamber in order to be able to accurately
measure the emissivity of test object surfaces during a
second calibration step. In this first step, the radiation
~ emuission of a test blackbody is gathered by a light pipe and
photodetector from the system being calibrated but outside
its furnace chamber. The output of the photodetector is then
measured with the blackbody heated to different tempera-
tures by non-optical techniques. The temperature of the
blackbody is accurately measured by embedding a thermo-
couple in it. Since the test blackbody has an emissivity of
one, the data gathered of the photodetector output as a
function of temperature provides reference data for deter-
mining the emissivity of other object surfaces.

As a second calibration step, the emissivity of an object
surface of a type likely to be processed in the furnace
chamber is accurately measured outside of the furnace,
without any heating lamps, by the light pipe and photode-
tector combination that was calibrated in the first step. A
thermocouple is embedded in this object surface as well. It
1s heated by some appropriate technique that does not affect
the optical measurements being made. The emission of the
object 1s measured by the previously calibrated light pipe
and detector system at the same temperatures as in the first
calibration step. The photodetector outputs in this step will
be less than those in the first calibration step because the
object surface is not a blackbody. A ratio of the photode-
tector outputs obtained during the first and second calibra-
tion steps at the same temperatures gives the object surface
emissivity, if the light pipe and photodetectors are linear. If
not linear, some appropriate correction is first made. |

As a third step in the calibration procedure, the calibrated
light pipe and photodetector system is placed into the
semiconductor furnace in which it is to be used. The same
substrate that was measured in the second step is also placed
into the furnace chamber. The geometric relationship
between a substrate holder and the light pipes is maintained
the same in the second and third calibration steps, being that
used in the furnace chamber after calibration is complete.
The temperature of the substrate surface is again accurately
monitored by keeping the thermocouple embedded in the
substrate. Measurements are then made by the entire system

as the substrate is increased in temperature through the

various levels where the emissivity of the substrate surface
1s known from measurements made in the second calibration
step. The tfurnace or other system is operated as it is intended
to be operated when the calibrated system is relied upon to
make 1ts measurements, including use of its heating lamps to
raise the substrate temperature. The emissivity and tempera-
ture values calculated from equations (§) and (6) above are
then compared with the emissivity measured in the second
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calibration step and the temperature being measured by the
thermocouple. The calculated values will likely be different
to some degree from the measured values. It is the purpose
of the calibration procedure to adjust the calculations being
made to eliminate these differences. After enough such
measurements are made, the values of k,, k,, A, B and C of
equations (4), (5) and (6) can be mathematically determined
which will cause the calculated characteristics of the sub-

- strate surface to agree with the measured values, for that

particular object surface, with increased precision compared
to operating the system without this calibration being done.

Such a calibration is accurate only for one specific sub-
strate surface, however. In order to calibrate the system more
completely, steps two and three above are repeated for a
number of different types of substrate surfaces. Enough data
is then obtained to fix each of k,, k,, A, B and C at single
values that will provide accurate results by use of equations
(4), (5) and (6) for a wide range of substrate surfaces.
Additionally, it may be desirable to add another calibration
step where all the measurements described above in step
three are made within the chamber but with the heating
lamps off, some non-optical means being used to heat the
substrate for the purpose of making another set of calibration
measurcments. |

The second, alternate calibration procedure is simpler for
the operator to perform since it utilizes a known processing
algorithm to determine the values of the five constants that
give the best results. In this procedure, a wafer of the type
to be processed is positioned in the furnace and an accurate
conventional temperature measuring sensor, such as a ther-
mocouple, 1s attached to the wafer on a side opposite to that
from which reflected light is being monitored. The wafer is
then stepped through various temperatures levels within an
expected actual operating temperature range. The tempera-
ture 1s measured at each level by both the optical technique
described above, utilizing equations (4), (5) and (6), and by
the thermocouple. An available computer program utilizing

- the known simplex algorithm (dr other suitable minimiza-

tion algorithm) is then employed to process all the data in
order to determine the values of k,, k,, A, B and C which
cause the temperatures calculated by the use of equations
(4), (5) and (6) to be the closest to those measured by the
thermocouple. These five constants then become the cali-
brated values used for actual optical temperature and emis-
sivity measurements performed as described above, without
any necessity for a thermocouple or other wafer contacting
temperature measuring Sensor.

A modification of the system of FIG. 1 is illustrated in
FIG. 7, where corresponding elements and components are
identified by the same reference numbers but with a prime
(') added. The primary difference is the positioning of light
pipes 25' and 43' on the outside of the quartz furnace tube
13'. Thus, the light pipe 25' receives emissions and reflected
radiation from the substrate 11' through a wall of the tube
13'. The light pipe 43' receives radiation from an optical
lamp without any component from within the furnace tube
13'. The difference in the FIG. 7 arrangement is that the
optical signals thus detected are somewhat different than
those detected within the chamber 15' by the embodiment of
FIG. 1, that difference being a filtering effect caused by the
quartz or other material used to make the tube 13"

The example semiconductor processing furnace systems
of FIGS. 1 and 7 are of a type utilizing lamps to heat the
semiconductor wafers within the processing chamber to the
required temperatures where the necessary chemical reac-
tions can take place. This is convenient for application of the
techniques of the present invention since a necessary a.c.



5,490,728

13

driven light source already exists. However, there are dif-
ferent techniques for heating semiconductor wafers, such as
using a radio frequency generator or resistance heating,
where the light source is not available for use in deriving
data necessary to make a reflectivity, emissivity, temperature
or film thickness calculation. Further, in fields other than in
integrated circuit processing, such heating lamps are likely
not utilized. In such circumstances, therefore, it is necessary
to direct optical radiation against the substrate surface on
which a film is being formed or an unknown emissivity is
being measured.

Such a system is schematically illustrated in FIG. 8. An
additional sapphire light pipe 111 carries to the subject
surface of a substrate 11" optical radiation from a light
source 113 that is energized by an alternating current source
115 of any Convenient frequency. Alternatively, the light
source 113 may be powered by pulsed direct current. It may
be desired in certain applications to choose a frequency that
1s distinct from any ambient light having an alternating
intensity component. On the other hand, general building
lighting, available from either fluorescent or incandescent
sources that are permanently installed, may be used in place
of the dedicated light source 113 and light pipe 111 when the
application permits. The reflected radiation and emissions
from the substrate and film are than gathered by the light
pipe 25", corresponding to the light pipe 25 of FIG. 1, and
a signal proportional to the intensity of the light striking the
substrate 11" is captured by the light pipe 43" corresponding
to the light pipe 43 of FIG. 1. Such a system is made
practical with the large numerical aperture of the preferred
sapphire light pipes. |

The wide angle of acceptance of such light pipes results
in collecting light that has passed through the film at various
different angles, thus traveling through the film with a range
of different path lengths. Any variation in intensity level of
light passing through the film along any one path that is due
to interference effects within the film as it increases in
thickness will be different than those variations of light
traveling in another path. When all these rays are directed
onto a single detector, an averaged signal results which
mimmizes such interference effects on the emissivity being
measured.

Another way to minimize such interference effects is to
separately detect in two wavelength bands light passing
through the film with a reduced range of angles, such as by
directing only central rays of a light pipe onto a photode-
tector. In the silicon substrate example given above, the
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second wavelength range would also be less than the 1.2

micron band edge and separated significantly in wavelength
from the first range. The bands are kept separate by appro-
priate beam splitting and filtering with a single pair of light
pipes as illustrated herein, or can alternatively utilize an
additional pair of light pipes having filters which select the
second wavelength band. Also, because of the narrow angle
of optical acceptance which is necessary, a traditional optical
system, such as a pyrometer, may be substituted for the light
pipe.

Yet another way to minimize such interference effects
within the film is to separately detect the light passing
through the film in at least two different angles with respect
to its surface. This can be accomplished by using the large
numerical aperture light pipe discussed above but then
optically directing its central and outer modes onto different
photodetectors. Alternatively, rather than such using a light
pipe, two traditional pyrometers may be utilized by directing
them at different angles toward the same spot on the sub-
strate surface upon which the film is being formed.

50

35

60

65

14

With reference to FIGS. 9, 10A, 10B and 10C, light pipe
structures are shown which increase and control the aperture
of one or both of the electromagnetic radiation gathering
light pipes in the systems shown in FIGS. 1, 7 or 8. The
already wide angle of acceptance of the light pipe, brought
about by its high refractive index, is more fully utilized by
shaping its end to include a lens element. The usual light
pipe end, which is planar in a direction perpendicular to a
longitudinal axis of the light pipe, is reshaped to provide a
domed, convex surface that increases the effective field of
view of the light pipe, when coupled into another optical
fiber having a much lesser index of refraction and angle of
acceptance, without having to provide a separate optical
system.

Such a modification is particularly preferred for the light
pipe 43 that is used to gather radiation from the heat lamps
in the system of FIG. 1, or in different situations where other
lamps are used that do not heat the object. It has been found
to be desirable to gather the reference light signal through
the light pipe 43 over approximately the same area of the
light source that is illuminating the portion of the wafer 11
supplying reflected light into the light pipe 25. The wider
aperture also gathers more light reflected from internal
surfaces of the chamber 18, important because the portion of
the wafer being viewed through the light pipe 25 is also
illuminated by these reflections.

FIG. 9 illustrates such a modified light pipe 121 having an
approximately spherically shaped convex surface 123 at its
light gathering end. FIG. 10B shows an expanded view of
this light pipe. A cone 128§, shown in FIG. 9 in dotted outline,
indicates a field of view of a light pipe with a planar end, in
order to provide a comparison with an increased field of
view, indicated by the cone 127, that results from shaping
the light pipe end into a dome 123. Radiation from heating
lamps 129 is then gathered over a larger portion of a lamp
area that 1s irradiating a portion 131 of a wafer 133 from
which a second light pipe 135 receives reflected light. The
second light pipe 135 corresponds to the light pipe 25 of the
FIG. 1 system.

FIG. 10A illustrates the relative size of the cone 125 that
represents an effective field of view of a typical light pipe
137 with a planar end 139, when coupled into an optical fiber
having a lesser field of view. This can be compared with the
cone 127 of the improved light pipe end 123 shown in FIG.
10B. The domed end 123 may be formed from a planar end
of a light pipe by either mechanically or flame polishing the
end. The material preferred for the improved light pipes
remains the high refractive index, high melting point mate-
rials previously mentioned, namely sapphire, cubic zirconia
or quartz. A further alternative modification is given in FIG.
10C, where an end 141 of a light pipe 143 is formed into ball
shape to even further increase its effective field of view 145.

Another technique for increasing the field of view of the
light pipes is to properly couple each of them optically to
their respective optical fibers. Referring to FIG. 1, as an
example, the light pipes 25 and 43, having a very high index
of refraction, are coupled into respective quartz optical fibers
29 and 47, having a lower index of refraction, by couplers
27 and 45. Because of the much different indices of refrac-
tion, the angle of acceptance of the optical fiber is much less
than that of the light pipe to which it is coupled. The result
is that not all the light captured by the light pipe is coupled -
into its respective optical fiber. In order to overcome this, an
optical element or a simple optical system is provided as part
of each of the couplers 27 and 45 to couple as much of the
light intensity as possible from the light pipe into the optical
fiber. One embodiment of this is a lens that images the light
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output of the light pipe into the optical fiber. Alternatively,
a diffuser or mode mixer can be employed.

FIGS. 11A, 11B and 11C show three additional light pipe
configurations for gathering light into the system with an
increased effective field of view. In FIG. 11A, a light pipe
201 has a flat end roughened to form a diffuser thereacross.
In FIG. 11B, an end of the light pipe 205 is generally shaped
into a cone and the resulting conical surface roughened to
increase the range of angles of rays which are accepted into
the light pipe. The light pipe 209 of FIG. 11C has a number
of roughened areas 211 along its length in order to allow
entry into the light pipe from its side. If the light pipe 209
1s shaped 1in a circle, square, triangle, or similar shape, in a
plane perpendicular to the paper, then it becomes a two
dimensional gatherer of light. This is very useful for viewing
the heating lamps of a semiconductor furnace.

With reference to FIG. 12, another technique for viewing
a wide area of the lamps 218 is to use multiple light pipes,
four such light pipes 217, 219, 221 and 223 being shown.
The light pipes are most desirably arranged in a two-
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dimensional array (not shown) but the linear array illustrated

in FIG. 12 is also useful. The optical signals from these light
pipes are carried by their respective individual optical fibers
to a coupler 225, where they are combined into a single
optical signal in a single optical fiber 2235. The signal from
each light pipe may be attenuated in a way to provide a
welghting factor to the contribution of each light pipe optical
signal to the combined signal. The area of the lamps which

contribute to the light being reflected from the wafer area

being monitored can thus be gathered with the same relative
intensity distribution that is incident upon that wafer area.

The embodiments of the invention described above can be
altered, if desired, to employ lens elements in place of the
illustrated light pipes to gather light from the lamps and the
wafer onto respective photodetectors. Such lenses can also
be used in conjunction with light pipes. However, direct use
of light pipes made from high index of refraction material,
as described, is preferred.

As stated previously, the techniques of the present inven-
tion are useful in many surface measurement applications
other than semiconductor processing, both with surfaces that
are being heated and those that are not. FIGS. 13 and 14
generally illustrate two such additional applications. In FIG.
13, a quantity of molten metal 151 is carried by a crucible
153. An incandescent or fluorescent light source 155 directs
light against the surface of the metal bath 151 for the
purpose of making a measurement of any of the physical,
thermal or optical characteristics discussed above for that
surface. The light source will usually not have a purpose of
heating the metal bath 151 but could do so if desired. A light
pipe 157 gathers some of the emission of the light source
155 and communicates it by way of an optical fiber to a
measuring instrument 161 of the type described with respect
to FIG. 3. Similarly, a light pipe 163 gathers some of the
light that 1s reflected from the top surface of the molten

metal 151 and communicates that light signal through an

optical fiber 165 to the instrument 161.

The emissivity of the surface of the molten metal 151 is
usually unknown, and further will generally be changing as
a result of its processing. Oxidation is one such change.
Another results from treatment of the surface by the addition
of a film or layer of some other material. The measurement
techniques of the present invention are particularly valuable
in such difficult situations where conventional non-contact,
optical techniques will not operate properly.

In FIG. 14, a moving sheet 167 of aluminum or other
metal 1S moving past a surface characteristic measurement
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station. That measurement station includes a light source
169 positioned above the path of the sheet material 167. The
source 169 is shown as a single standard fluorescent light
tube but can be of some other form so long as its light output
has the ripple intensity component discussed above. A light
pipe 171 collects a portion of the source output and carries
it by an optical fiber 173 to a measuring instrument 1785.
Another light pipe 177 carries a portion of that light, after
reflection by the surface of the material 167, to the instru-
ment 175 over another optical fiber 179. This system pro-
vides a real time measurement of any one of many charac-
teristics of the material surface in a manner that allows
processing of the metal 167 to be controlled, at least in part,
by the measured results.

Indeed, the applications of the measuring techniques
described herein are extremely broad, particularly where
some ultimate characteristic of an object that 1s desired to be
measured 1s related to the emissivity of a surface of that
object. The Surface emissivity 1s measured by the techniques
of the present invention and then converted to the desired
characteristic on the basis of an empirically determined
table, formula, or the like. This 1s the general process
described above for measuring layer thicknesses.

Other characteristics which can be ascertained from a
measurement of surface emissivity include an amount of
grain growth or shrinkage, annealing, the formation of
microscopic cracks or textural changes in a surface, a
amount of diffusion of oxygen into a surface of material such
as titanium nitride, migration of metal to a surface from
material below that surface, the cure level of a polymer
material, the amount of reflow of a metal, and the extent of
delamination of two layers being held together. The process
for measuring any such quantity follows that of FIG. 6
except that the calculation step 105 converts the averaged
surface emissivity and temperature into one of these other -
guantities instead of film thickness. And, of course, the
measurement is not performed within a semiconductor pro-
cessing furnace but rather more like that illustrated in FIGS.
13 and 14. Further, such measurements may be used to
control the process which is causing the determined char-
acteristic to change in order that it will be allowed to proceed
to a certain point and then be stopped.

Another application of the technique is in the detection of
the endpoint of a semiconductor etch or photoresist devel-
opment process. In this or other situations where a layer of
material having a different surface emissivity than an under-
lying surface is being removed, either totally or partially, the
emissivity suddenly changes upon breaking through the
layer to expose the underlying surface. Such an endpoint
detection can optionally be used to control termination of the
etch or develop process.

Although the various aspects of the present invention
have been described with respect to their preferred embodi-
ments, 1t will be understood that the invention is entitled to
protection within the full scope of the appended claims.

It 1s claimed:

1. A method of determining a characteristic of a layer of
one material on a surface of another material, comprising the
steps of:

directing continuous electromagnetic radiation toward the
layer and surface in a manner to be modified thereby,
said radiation including a given wavelength range and
having a d.c. intensity level with a periodic a.c. inten-
sity ripple superimposed thereon,

detecting a combined level of the intensity within the
given wavelength range of the directed electromagnetic
radiation after being modified by the layer and the
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intensity of electromagnetic radiation within said
wavelength range that is emitted by the layer and
surface to thereby generate a first electrical signal
having a first d.c. component with a periodic a.c.
intensity ripple component of a first magnitude super-
imposed thereon,

generating a second electrical signal corresponding to the
directed electromagnetic radiation, said second electri-
cal signal having a second d.c. component with a

periodic a.c. ripple component of a second magnitude
superimposed thereon, and

determining the characteristic of the layer from at least the
first and second magnitudes of the ripple components
of the respective first and second electrical signals.

2. The method according to claim 1 wherein said surface
icludes a semiconductor material substrate, and wherein
said given wavelength range lies below an absorption band
edge of the semiconductor substrate. |

3. The method according to claim 1 wherein said surface
includes a metal undergoing heat treating.

4. The method according to claim 1 wherein at least one
of the radiation detecting or signal generating steps includes
the steps of gathering the electromagnetic radiation in a light
pipe made of any one of quartz, sapphire or cubic zirconia,
and directing the gathered radiation onto a photodetector.

S. The method according to claim 1 wherein the step of
generating the second electrical signal includes gathering a
portion of the electromagnetic radiation directed toward the
layer and surface through a domed end of a light pipe,
thereby to increase a field of view of the light pipe.

6. The method according to claim 1 wherein the deter-

mining step includes taking a ratio of the first and second

periodic intensity ripple component magnitudes of said first
and second signals.

7. The method according to claim 6 wherein the deter-
mining step includes the step of measuring the time varying
component magnitudes by integrating the first and second
signals with respect to respective mean values of said
signals.

8. The method according to claim 6 wherein the deter-
mining step includes the further step of subtracting said ratio
from one, thereby determining a quantity related to the
emissivity of the layer and surface.

9. The method according to claim 8 wherein the deter-
mining step additionally includes multiplying said ratio by
said second d.c. component and then arithmetically com-
bining the result with said first d.c. component, thereby
determining a quantity related to the temperature of the layer
and surtace.

10. The method according to claim 6 wherein the deter-
mining step includes the additional steps multiplying said
ratio by said second d.c. component of the second signal and
then arithmetically combining the result with said first d.c.
component of the first signal, thereby determining a quantity
related to the temperature of the layer and surface.

11. The method according to claim 6 wherein the deter-
mining step includes the additional steps of multiplying said
ratio by the second signal and then subtracting the result
from the first signal.

12. The method according to either of claims 1 or 6
wherein the characteristic being determined includes a thick-
ness of the layer.

13. The method according to either of claims 1 or 6
wherein the characteristic being determined includes a com-
position of the layer.

14. The method according to claim 1 wherein the char-
acteristic determining step is caused to occur simultaneously
as the layer 1s being formed on the surface.
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15. The method according to claim 14 which comprises an
additional step of utilizing the layer characteristic determi-

nation to control a process of forming the layer on the
surface.

16. The method according to either of claims 1 or 10

wherein the step of directing electromagnetic radiation
toward the layer and surface includes use of heating lamps

driven by a varying magnitude current, thereby to heat the
layer and surface by such lamp illumination.

17. The method according to claim 1 wherein the radia-
tion directing step includes positioning the surface in the
path of 1llumination from ambient building incandescent or
fluorescent lamps.

18. A non-contact method of determining a characteristic
of a surface, comprising the steps

directing against said surface incident electromagnetic
radiation having a time varying component, wherein a
portion of said incident radiation is reflected from said
surface with such a time varying component,

generating a first electrical signal corresponding to a
combined level of said reflected portion of the incident
clectromagnetic radiation and electromagnetic radia- -
tion that is emitted from said surface,

generating a second electrical signal correspondirnig to a
level of the incident electromagnetic radiation that is
being directed against said surface,

determining a mean value of each of the first and second
electrical signals,

integrating each of the first and second electrical signals
with respect to their respective mean values, thereby to

provide a value of a time varying component in each of
said first and second signals, and

combining at least the time varying component values of
said first and second signals in a manner to obtain said
surface characteristic.

19. The method according to claim 18 wherein the com-
bining step includes taking a ratio of the time varying
component values of said first and second signals.

20. In a system for forming a layer of material on a
substrate surface that is positioned within a chamber having
a substantially optically transparent window in a wall
thereof, wherein said substrate is heated by directing con-
tinuous wave electromagnetic radiation of a given band-
width against said substrate through said window from
outside of said chamber from an electromagnetic radiation
source that is characterized by having a time varying inten-
sity component, an improvement adapted to monitor forma-
tion of said layer, comprising:

a first photodetector that is characterized by generating an
electrical signal proportional to a level of electromag-
netic radiation incident thereon that includes said time
varying intensity radiation component,

means positioned with respect to the substrate surface for
carrying o the first photodetector both a portion of
source electromagnetic radiation after interaction with
sald substrate surface and electromagnetic radiation
emitted by said substrate surface within the bandwidth
of the source electromagnetic radiation, thereby to
generate a first electrical signal that contains a first time
varying component,

means for generating a second electrical signal that con-
tains a second time varying component corresponding
to the time varying intensity component of the source
of electromagnetic radiation and substantially without
any component corresponding to the radiation emitted
from the substrate surface, and
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means receiving said first and second electrical signals
with their respective time varying components for
determining a characteristic of the layer.

21. The system of claim 20 wherein said second electrical
signal generating means includes a second photodetector
positioned to receive a portion of the source electromagnetic
radiation, said first and second photodetectors being posi-
tioned outside of said chamber, and said first and second
photodetector radiation carrying means each include respec-
tive first and second light pipes that each have one end
thereof posttioned within said chamber.

22. The system of claim 21 wherein said first and second
light pipes are made substantially entirely of either sapphire
or cubic zirconia material.

23. The system of claim 21 wherein at least one of said
first and second light pipes includes a solid end thereof that
1s convexly shaped and positioned to receive radiation
therethrough.

24. A method of monitoring one of a physical and
chemical characteristic of a material surface, comprising the
steps of:

directing electromagnetic radiation toward the surface in
a manner to be modified thereby, said radiation includ-
ing a given wavelength range and having a periodic
intensity variation,

detecting a level of the intensity of the given wavelength
range of the electromagnetic radiation modified by the
surface to thereby generate a first electrical signal
having a periodic intensity variation of a first magni-
tude,

generating a second electrical signal having a periodic
intensity variation of a second magnitude that corre-
sponds to the intensity of the electromagnetic radiation
within said given wavelength range that is being
directed toward the layer and surface,

determining from at least the magnitudes of the periodic
intensity variations of the first and second electrical
signals a quantity related to an emissivity of the sur-
face, and |

using said emissivity related quantity to determine one of
a physical and chemical characteristic of the surface.

25. The method according to claim 24 wherein the deter-
mining step includes taking a ratio of the periodic intensity
variation magnitudes of said first and second signals.

26. The method according to claim 25 wherein the deter-
mining step includes the further step of subtracting said ratio
from one. | |

27. The method according to claim 24 wherein the deter-
‘mining step includes the step of measuring the periodic
intensity variation magnitudes by integrating the first and
second signals with respect to respective mean values of said
signals.

28. The method according to claim 27 wherein the deter-
mining step includes the further steps of taking a ratio of the
periodic intensity variation magnitudes of said first and
second signals, and subtracting said ratio from one, thereby
determining a quantity related to emissivity of the surface.

29. The method according to claim 24 wherein the using
step includes converting the emissivity related quantity to a
quantity related to one of growth and shrinkage of grains
within the surface. |

30. The method according to claim 24 wherein the using
step includes converting the emissivity related quantity to a
quantity related to the existence of microcracks or textural
changes within the surface.

31. The method according to claim 24 wherein the using

step 1includes converting the emissivity related quantity to a.
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quantity related to an amount of gascous material absorbed
1in the surface. |

32. The method according to claim 24 wherein said
surface includes polymer material and the using step
includes converting the emissivity related quantity to a
quantity related to the level of cure of said polymer material.

- 33. The method according to claim 24 wherein the surface
1S on a layer of material adhered to a substrate and the using
step includes converting the emissivity related quantity to a
quantity related to an amount of delamination of the material
layer from the substrate. |

34. The method according to any one of claims 1, 2 or 10,
wherein the step of generating the second electrical signal
includes detecting the intensity of the electromagnetic radia-
tion within said given wavelength range that i1s being
directed toward said layer and surface.

35. The method according to either of claims 1 or 6,
wherein the characteristic determining step includes deter-
mining a physical characteristic of the layer.

36. The method according to either of claims 1 or 6,
wherein the characteristic determining step includes detet-
mining a chemical characteristic of the layer.

37. The method according to either of claims 1 or 2,
wherein the characteristic determining step includes deter-
mining a thermal characteristic of the layer.

38. The system according to claim 20 wherein said second
electrical signal generating means includes a second photo-
detector and optics that couples electromagnetic radiation
from the substrate heating source to said second photode-
tector.

39. The system according to claim 20 wherein said second
electrical signal generating means includes means for caus-
ing said second electrical signal to be proportional to said
source radiation portion that interacts with the substrate
surface before reaching the first photodetector.

40. The system according to claim 20 wherein said layer
characteristic determining means includes means for deter-

mining the thickness of the layer.

41. The system according to claim 20 wherein said layer
characteristic determining means includes means for deter-
mining the chemical composition of the layer.

42. The system according to claim 20 wherein said layer |
characteristic determining means includes means for com-
bining magnitudes of the first and second electrical signal
time varying components.

43. The method according to claim 24 wherein said
surface emits electromagnetic radiation within said given
wavelength range, and wherein the step of generating a first
electrical signal includes detecting a level of electromag-
netic radiation within said given wavelength range that is
emitted by said surface.

44. The method according to claim 24 wherein the step of
generating the second electrical signal includes detecting the
intensity of the electromagnetic radiation within said given
wavelength range that 1s being directed toward said surface.

45. A non-contact method of measuring the temperature
of a surface, comprising:

directing continuous electromagnetic radiation toward the
surface in a manner to be modified thereby, said radia-
tion including a given wavelength range and having a
d.c. intensity level with a periodic a.c. intensity ripple
superimposed thereon,

detecting a combined level within the given wavelength
range of the directed electromagnetic radiation after
being modified by the surface and of electromagnetic
radiation emitted from the surface to thereby to gener-
ate a first electrical signal having a first d.c. component
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- with a periodic a.c. intensity ripple component of a first
characteristic superimposed thereon,

generating a second electrical signal corresponding to the
directed electromagnetic radiation, said second electri-
cal signal having a second d.c. component with a
periodic a.c. ripple component of a second character-
1stic superimposed thereon, and

combining the first and second d.c. components with the
first and second a.c. component characteristics in a
manner to determine the temperature of the surface.
46. The method according to claim 45 wherein the first
signal is an electrical signal generated by positioning a
photodetector in a path of the electromagnetic radiation
being directed toward the surface, said electrical signal
being used to calculate the temperature of the surface.
47. A non-contact method of measuring the temperature
of a surface, comprising:

directing electromagnetic radiation toward the surface in
a manner to be modified thereby, said electromagnetic
radiation including a repetitive time varying compo-
nent,

generating a first electrical signal corresponding to the
magnitude over time of the electromagnetic radiation
within a given wavelength range that is so directed, said
first signal thereby having a repetitive time varying
component,

- generating a second electrical signal corresponding to a
common optical signal over time which includes elec-
tromagnetic radiation within said given wavelength
range that is emitted from the surface and the directed
electromagnetic radiation within said given wavelength
range after being modified by the surface, said second
electrical signal thereby also having a repetitive time
varying component, and

calculating the temperature of the surface from the first
and second electrical signals, the calculation using
relative characteristics of the repetitive time varying
components of the first and second electrical signals.
48. The method according to claim 47 wherein the first
signal is an electrical signal generated by positioning a
photodetector in a path of the electromagnetic radiation
being directed toward the surface, said electrical signal
being used to calculate the temperature of the surface.
49, The method according to claim 47 wherein the elec-
tromagnetic radiation directed toward the surface is continu-
ous with a d.c. component and the repetative time varying
component includes an a.c. ripple superimposed thereon.
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50. The method according to either of claims 45 or 47

-wherein the emissivity of the surface is also calculated from

the first and second electrical signals.

51. The method according to either of claims 45 or 47
wherein the electromagnetic radiation that is directed toward
the surface originates from a lamp energized with alternating
electrical current. |

52. In a process of heating an object by directing elec-
tromagnetic radiation against at least one surface of the
object from a plurality of lamps energized from a power
source having a periodic magnitude variation, wherein an
intensity of the radiation from the lamps includes a time
varying component, a method of determining a characteris-
tic of said object surface, comprising:

generating a first electrical signal corresponding to a
combination of radiation emitted from said object sur-
face and a part of the radiation from said lamps after
interacting with the object surface,

generating a second electrical signal corresponding to said
part of the radiation from said lamps before interacting,
with the object surface, and

determining said object surface characteristic from said

first and second signals.

53. The method according to claim 52 wherein the second
signal is generated by optically directing a portion of the
intensity of said part of the radiation from the lamps onto a
photodetector, whereby an output of said photodetector is-
said second signal. |

34. The method according to claim 52 wherein the second
signal is generated by individually gathering a portion of the
radiation irom at least some of the lamps and then combin-
ing the individually gathered lamp radiation with relative
weights according to the individual contributions of said at
least some of the lamps to said lamp radiation part.

53. The method according to claim 52 wherein the first
signal is genecrated from a radiation combination that
includes said part of the radiation from the lamps after being
reflected from the object surface.

56. The method according to claim 52 wherein said part
of the radiation of the lamps is a given spatial extent of the
plurality of lamps, whereby said first and second signals
both include lamp radiation from said given spatial extent.

k% %k %k
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